Since the early sixties, the dc behaviour of hard superconductors has been described in terms of the Critical State Model (CSM). In this model, superconducting bulk currents and surface currents are distinguished. Under ac conditions, over-critical currents due to flux flow effects have also to be taken into account to explain the ac losses. In the literature, many experimental methods have been developed to determine one or two of the parameters of the CSM. It is the aim of this contribution to present an experimental technique with which it is possible to determine the three parameters separately.
In the original formulation of the CSM by Bean 1 and London 2, the only parameter is the critical current density Je which describes the supercurrents throughout the bulk of the superconductor. In a more generalized CSM 3'4 surface currents which prevent flux entry and flux exit at the surface and flux flow effects are also included. A summary of this generalized CSM is given in the next section. Many techniques have been developed to study the properties of type II superconductors; excellent reviews have been given by Campbell and Evetts s and Ullmaier. 6 A very prominent role in the determination of the various parameters of the CSM is assigned to the inductive techniques; a discussion of the essentials of these techniques will be given later with the emphasis on non-sinusoidal ac field waveform. Following this, the inductive response of a superconducting slab to an ac magnetic field of trapezoidal waveform will be discussed theoretically. It will be demonstrated that the flux distribution inside the sample, and therefore the current distribution, can be determined experimentally with this technique. Apart from this, the technique can separate the various contributions (bulk currents, surface currents and flux flow) to the ac losses, as will be shown. The method has been verified with the help of numerical model calculations. Finally, a summary of the various possibilities of the use of trapezoidal ac fields will be given.
Experiments have been performed in a large range of dBa/dt values and amplitudes. A detailed discussion of the equipment used in these experiments is given. The central point
The Critical State Model
Prior to a discussion of the experimental technique, the formulation of the Critical State Model (CSM) and its extensions, as it will be used throughout this paper, will be outlined. In the framework of the CSM, a local average magnetic induction B and a local average field intensity H are defined at every position inside the superconductor. It is assumed here that the distance over which B and H vary is large compared with the spacing between neighbouring flux lines. The relation between B and H is given by B =/aoH. The current density ~' now is connected to B by j = 1/ o (1)
In this formulation the current density j = VxH is related to all current densities in the bulk of the sample including magnetization currents. 4'7 In this description, the quantity H will not appear as there is no need for this parameter.
As usual, isothermal conditions will be assumed. This means that the temperature dependence of the parameters of the CSM may be neglected as well as thermo-magnetic and galvano-magnetic effects.
The main parameter in the CSM is the critical current density/c, 1'2 which may be a function of the local induction B and of position, This critical current density is connected to the pinning of flux lines and to defects inside the material: it describes the superconducting bulk currents. Reversible surface currents (Meissner currents) are described in terms of a Beq (Ba) relation, which gives the flux density just inside a narrow, flux line free, surface layer as a function of the applied external induction B a. When irreversibilities in the surface screening (superheating and supercooling) are also taken into account, 0011-2275/81/005299-13 $02.00 © 1981 I PC Business Press Ltd
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Beq(Ba) is replaced by a Ben(B°) relation in increasing field and a Bex(Ba) relation in decreasing field respectively. In fact these relations define an induction difference ABs, which is related to the surface current by (1) . These surface irreversibilities are often denoted in terms of AB a (or A/-/): the maximum variation of the external field which does not give rise to variations of the flux inside the bulk of the superconductor.S'In Fig. 1 , the flux and current distributions inside a slab are drawn schematically for the case when/" c depends on the x-co-ordinate only:/c =Je(x) • Also the Ben" and Bex-values are indicated. The time dependent behaviour may differ considerably from the quasi-static one because over-critical currents, due to the motion of flux lines, will occur inside the sample. These flux flow effects can be described in the same way as normal currents in terms of a flux flow conductivity off. The total current is now given by:
From these three concepts, bulk pinning, surface screening and flux flow, the average induction Bay inside the superconductor can be determined taking into account the dimensions of the sample, its magnetic history and the waveform of the applied magnetic field Ba(t ). Since both bulk critical currents and over-critical currents delay flux entry and flux exit, the average induction in increasing field is smaller than Ben (Ba):
in which ABp indicates the flux screened by bulk currents and Bff is the delay caused by flux flow (Bo -bo is the field at which the external field change starts). In decreasing field, (3) transforms to: Bay = Bex (Ba) +/~kBp + ABff
(4)
This average induction Bay as a function of external field B a is shown schematically in Fig. 2 together with a Ben (Ba) and a Bex (Ba) curve. In increasing field, B=, is lower than Ben (Ba) because of flux pinning and flux flow (see (3)). During the time interval with constant external field, the flux flow effects disappear gradually and only ABp remains. When B a is decreased again, nothing will happen until Bex (Ba) =Ben (Bo + bo). A more comprehensive discussion of this Generalized Critical State Model (GCSM) has been given elsewhere) '4 Inductive techniques. The general principle of inductive techniques is that a sample is placed in an alternating magnetic field. The variations of the average flux density inside the sample are measured by means of a pick-up coil wound around the centre of the sample. Some important characteristics of all inductive techniques are: one, the techniques are non-destructive; two, only variations of the average magnetic induction can be measured; three, the induced voltage represents an average value of the response over the volume of the pick-up coil; and four, the induced voltage due to flux changes in the empty space between pick-up coil and sample has to be compensated.
These points, especially the points two and three have important consequences for the interpretation of the results on type II superconductors. The most important one is that for the interpretation of the results in terms of the CSM for each of these techniques, assumptions with respect to the parameters of this model have to be made. Assumptions which are usually made are the neglectance of the dependence Of]e on position and/or magnetic induction, the neglectance of surface currents or the absence of flux flow effects. Of course, the results must be checked for their consistency with the assumptions. The two essential points mentioned above, also have consequences for the most suitable experimental situations. Since an average over the volume of the pick-up coil is measured, the geometry of the sample is very important; usually only cylindrical and slabs are used. Due to the elasticity of the flux line lattice 9 the induced voltage may also depend upon the properties of the superconductor outside the pick-up coil. For this reason the sample must be homogeneous in the direction parallel to the applied field and sufficiently long to avoid end effects. The experiments presented in this paper have been performed in the simple geometry of a slab in a magnetic field parallel to the surface. Also the waveform of the applied magnetic field is of great importance and especially dBa/dt, since all induced voltages are directly proportional to this quantity.
In Campbell ~4 for the first time succeeded in measuring the flux density as a function of position by varying the amplitude of the ac field. In these so-called total flux measurements, however, the critical current density has to be assumed to be independent of B instead of position independent. A comparison of the various techniques for the determination of the critical current density has been given by Kroeger et al)s
An important distinction between the various ac techniques is that one can either measure a time average of the response signal over one period of the sinusoidal ac field, or observe the waveform of the induced voltage directly. The latter possibility, which often gives more information, was first proposed by Ullmaier s and has also been used by Rollins et al.6 in their modification of Campbell's method. A far reaching consequence of this point is that it is no longer necessary to confine oneself to sinusoidal ac fields. This was also first proposed by Ullmaier 8 who used a triangular waveform giving a constant dBa/dt value. The method presented in this paper is based on the use of trapezoidal ac fields. 17'a A similar approach was proposed by Eckert and Handstein) a
Before discussing the possibilities of trapezoidal ac fields in detail, the response of a very simple superconductor (a slab with a constant critical current density) will be outlined as an illustration. The response of such a superconductor to a trapezoidal waveform (Fig. 3a) is characterized by a linearly increasing voltage until the flux change Fig. 3b ). After that the voltage remains constant as long as the external voltage is still varying linearly with time. When the external field is stopped, the voltage drops down to zero again. In Fig. 3c , the influence of an extra surface screening current is shown, giving an interval with zero induced voltage. When flux flow effects are also included, an exponential decay appears when the external field is stopped (see Fig. 3d ). Although flux flow effects will also influence the other parts of the induced waveform, they can be studied separately during the constant part of the trapezium. This simple model already indicates the possibilities of trapezoidal ac fields in distinguishing between the various paramaters of the Critical State Model.
A slab in a trapezoidal ac field. As was indicated before, the use of trapezoidal ac magnetic fields provides a method for the separation of the various parameters of the CSM. In this section the determination of the flux distribution inside a superconducting slab will be discussed. The method is related to the technique proposed by Rollins et al. 16 with the distinction that in their experiments sinusoidal ac fields are used. For a good understanding of the method, it is necessary to study the response of a superconducting slab of width 2d in an ac magnetic field (amplitude bo) with trapezoidal waveform superposed on a static field Bo. Both magnetic fields are parallel to the surface of the slab. The analysis is based completely on the validity of the CSM as it was described before. In the derivation below the assumption that flux flow effects may be neglec-" ted has been used; this assumption is common to all techniques of the same kind) 4 '16 In the following, only the response in increasing field will be discussed; in decreasing field the derivation is completely 
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From these two expressions the average induction inside the sample and the induced voltage can be calculated as a function of applied field. The latter is given by:
Here a second assumption appears: when the critical current densityjc may be considered independent of B within the relevant range of B-values, the awkward integral term in (7) disappears and a simple expression remains:
After the flux change has reached the centre plane of the slab (xt = 0), (8) reduces to:
So far the fact that a trapezoidal field, ie a linearly increasing field, is applied has not yet been used. The constant value of dBa/dt now means that after the flux front has reached the central plane, the induced waveform is independent of the external field at which the field change started. That this is actually the case can be seen from Fig. 4 . The point at which an individual curve coincides with the envelope curve indicates penetration to the centre of the slab. A consequence of this fact is that (9) directly gives an expression for dBen/dB a. By dividing (8) through (9) one gets:
giving a direct measure for the position,of the flux front. It should be borne in mind that it is a direct consequence of the linearity of the external field change that the variation of surface currents, denoted by dnen/dn a may be easily taken into account. If sinusoidal ac fields are used this is not possible because dBa/dt varies continuously and even becomes zero. The local induction at the position xt is now given by
Ifjc may be assumed independent of B within the relevant field range, the integral term in (11) vanishes and the equation can be written:
JB ~+o dBa (12)
This quantity can be determined from the envelope curve analogue and only the results will be given. At the minimum of the external field Bo -bo, the flux density just inside the surface layer is given by Bex (Bo -bo). When the external field B a is increased again, no flux will penetrate the sample until the applied field reaches the value Ba+o given by Ben (Ba+o) = Bex (Bo -bo). This interval, during which no penetration takes place, gives information on the irreversibility of the surface currents. After this, flux penetrates to the position x = x t. This situation is illustrated in Fig. 1 . In the region 0 ~<x ~<xt, the flux distribution will be uncll'anged: E1 (Ba). In most cases, however, a first order Taylor expansion of Ben (Ba) is sufficient:
which is proportional to B a.
It can be concluded from (8) and (13) that if dBen/dn a is independent of Ba within the field range during which the penetration of the flux front from surface to central plane takes place, the shape of the flux profile at which the field variation started (Ba = Bo -bo) can be seen directly from the E vs B a curve by turning this curve through 90 degrees. When dnen/dn a is not a constant, the envelope curve E1 (Ba) (see (9) and Fig. 4a ) has to be determined and calculations according to (10) and (13) (14) in which Bao is given byBex (B~o) =Ben (Bo + b0). Ifa cylinder with radius R is used instead of a slab, 16 (8) is transformed into:
dBen dBa (15) E(t) = ~ (R ~ -r~) ~, d~
in which rt is the position to which the flux change has penetrated.
The foregoing derivation clearly indicates that the most convenient experimental conditions for the investigation of flux distributions in type II superconductors are those in which the response of a superconducting slab to a linearly varying magnetic field is measured. In that case, only two assumptions with respect to the parameters of the CSM have to be made. These assumptions are: one, flux flow effects may be neglected; and two, the critical current density is independent of B at least in the field range in which the flux front has not reached the centre plane. 9
Whether these assumptions are satisfied, and therefore whether the interpretation of the experimental results is correct, must be checked for every individual sample separately.
Separation of loss contributions, ac losses in type II superconductors are caused by three different mechanisms: bulk pinning, surface screening and flux flow. In the previous section it was demonstrated how the flux distribution, and from this the critical current density, can be determined by means of a direct observation of the waveform of the induced voltage. This, however, gives no information with respect to surface screening currents and flux flow effects. The latter phenomenon can be studied separately during those intervals of the ac field during which this field is constant. In these intervals the contribution of the two other (quasi-static) mechanisms disappears and only flux flow remains. The value of the flux flow conductivity off can be determined from the time constant of the decay curve or from the amount of flux which still enters or leaves the sample when the external field is kept constant. A detailed discussion of this technique in the case of normal conducting metals has been given elsewhere .2o,21
So far both Ic and otr are determined as a function of the externally applied induction Ba instead of the internal induction. Also with respect to the surface screening current, the only quantity known so far is the amount of flux which can be screened at a certain external field. Since an inductive technique is used, only variations of the average flux density Bav inside the sample can be measured. Therefore it is impossible to determine the value of Bay itself from one single measurement. The most simple method for the determination of Bav as a function of Ba is to make a hysteresis loop of large amplitude. In this case there are two possible references which can be used to obtain the correct value of Bay: one, in the normal case (Ba >Be:), hysteresis is caused by the normal resistivity which is determined by dBa/dt only. In this case the mean value of Bay in increasing and decreasing field equals Ba. Two, the large hysteresis loop is symmetrical with respect to the line Bay = -Ba, ie the value of Bay for Ba = 0 in increasing and decreasing fields, respectively, have the same absolute value but a different sign. Form this the Bay = 0 level can be determined.
Instead of one large amplitude hysteresis loop, Bay can also be determined from a large number of small amplitude loops measured at different static fields. In this case, it is necessary that in each individual loop the flux change reaches the centre plane of the slab (the envelope curve) and that these parts of the curves overlap. This is, however, also a necessary condition for the construction of the El (Ba) curves. This latter possibility is preferred because it also ensures that all experiments are done at the same dBa/dt. The Bay vs Ba curve obtained in this way can be used for a plot of/'c or off versus average internal induction.
These Bay vs Ba curves are also the starting point for the determination of Ben (Ba) and Bex (Ba). As can be seen from (3) the difference between Bay (Ba) and Bex (Ba) consists of two contributions ABp and ABff. This is illustrated in Fig. 5 where a small hysteresis loop is plotted together with some parts of the envelope Bay vs Ba curves in increasing and decreasing field respectively. The flux flow contribution ABff be determined for a large number of Ba values by integrating the decay curve with respect to time. The flux pinning contribution ABp can be determined from the flux distribution; in the case of a constant critical current density throughout the bulk of the slab it follows: ABp = ~lao/cd. So in this way the Ben (Ba) relation can be determined according to (3) . In a similar way, Bex (Ba) can be determined according to (4) . The results should be in accordance with the length of the E = 0 parts in the E vs n a curves.
In this way the various parameters of the CSM can be determined separately by performing a large number of experiments with trapezoidal ac fields of small amplitude superposed on a static field. Some results of these experiments will be shown later. For this purpose two types of calculations have been performed. In the first place a position dependent, critical current density has been assumed according to:
Verification of the experimental technique. The
with
Equations (16) and (17) It may be concluded that the experimental technique presented in this paper indeed allows the separate determination of the critical current density as well as the surface screening currents. The determination of the conductivity o from the decay curves has already been verified elsewhere. 21
Trapezoidal ac fields. Preliminary to the discussion of the technical aspects of the method and the experimental results, it is useful to summarize the various advantages of the appliance of trapezoidal ac fields. This partly affects some issues which have already been treated, but a few other positive points will also be mentioned. There are eight advantages for the use of trapezoidal ac fields:
It provides a relatively simple method for determining the flux distribution inside the superconductor. This technique is closely related to the methods of Campbell 14 and espec- Trapezoidal ac fields provide an accurate method for the determination of the conductivity in normal metals as well as type II superconductors. 21
Direct observation of the induced waveform leads to a separation of the contributions of the various parameters of the CSM to the ac losses. In this the critical current density Jc, the surface screening relations Ben (Ba) and Bex (Ba) and the flux flow resistivity off can be determined separately.
The rate of change of the external field dBa/dt, which is one of the decisive variables of the induced waveform, only has some distinct values instead of a continuous variation in the case of a sinusoidal field.
A consequence of this is that even at the peak of the ac field, dBa/dt has a large value. When sinusoidal fields are used, dBa/dt = 0 at the peak of the ac field, thereby masking the behaviour of the superconductor in that region.
The response signal of an empty coil to a trapezoidal ac field contains discontinuities at the corners of the trapezium. In the case of superconductors, such discontinuities have never been observed at those corners of the trapezium where the external field change starts. Therefore, the use of trapezoidal ac fields provides a very clear compensation criterion: the absence of discontinuities at those corners.
While a sinusoidal ac field is determined by two parameters (frequency and amplitude), three independent variables can be distinguished in the trapezoidal waveform: amplitude, dBa/dt and repetition rate. This latter quantity may be important when heating of the sample plays a role. It also provides the possibility to let the flux flow effects disappear completely before the next field change starts.
Additional information with respect to the flux flow properties of the superconductor can be obtained when a socalled double trapezoidal waveform is applied (see Fig. 8 ). Thus flux flow effects can be studied in two different situations: firstly the flux penetration after the external field is kept constant, and secondly the delayed flux entrance when the external field is changed again in the same direction.
According to the generalized CSM, the response in both cases should be identical, but some preliminary results indicate minor deviations. In sinusoidal or single trapezoidal fields these effects cannot be seen since the flux flow behaviour at the beginning of the external field sweep is always masked by the reversal of critical currents. A typical response curve is shown in Fig. 8 . In this work, however, no further discussion of these results will be given.
The measuring equipment
Generai description. In this section, the experimental equipment designed for the measurement of the behaviour of superconductors in ac magnetic fields of trapezoidal waveform is described. A diagram of the complete equipment is given in Fig. 9 . A very prominent role in this scheme is played by the trapezium generator which not only provides the appropriate voltage waveform for the ac field but also controls the whole registration of the signal. The signal is digitalized and transmitted to the computer. Because of the synchronization between generated ac waveform and sampling process, the analysis of the signal is very simple and accurate. With the same apparatus, the double trapezoidal waveform can also be generated. Although the equipment is designed for trapezoidal-like ac The magnetic field is produced by a trapezoidally varying current through the ac field coil. This current is supplied by an Amcron M600 power amplifier, capable of providing ac currents of up to 35 A (20 A dc), together with ac voltages of between + 100 V (-+ 60 V dc) in the frequency range up to 100 kHz. Two resistors are placed in series with this coil: a 0.1 E2 resistance R m to measure the coil current, and a variable resistance to match the output impedance of the power amplifier. The amplifier is protected against high induction voltages by a crow-bar (not shown in Fig. 9 ) which short-circuits the amplifier when the voltage exceeds 100 V. The voltage waveform necessary to produce a perfect trapezoidally varying current through a circuit with a resistance in series with a coil consists of two components: a trapezoidal voltage together with its derivative added in the correct ratio for the resistive and inductive component of the circuit respectively (see Fig. 10 ). This waveform is provided by the trapezium generator, which will be discussed in detail later.
In some experiments the ac coil is placed in a 2 T dc magnet; the dc current is provided by a HP 6260 B current supply. The response signal is measured with a pick-up coil and after compensation for the unfilled part of this coil, is sampled by means of a transient recorder. The current waveform is also recorded in this way. Both digitalized signals are then transmitted to the computer with the help of a cassette Table 1 . Parameters of the coil system recorder and analysed. An analysis of the frequency characteristics of the equipment results in a bandwidth of 100 kHz. 4 In the rest of this section the coil system, the compensation criterion and the signal processing will be discussed.
The coil system. For the understanding of the ac behaviour of type II superconductors, experiments in large amplitude ac fields as well as in small amplitude ac fields superimposed on a dc field are of interest. The small amplitude ac fields are generated in a small superconducting coil; data on this coil are given in Table 1 together with the data on the other ac coils. The influence of the presence of the dc coil on the ac field was less than 1%. Large amplitude experiments have been performed in a coil with the same diameter so that the samples can be interchanged easily; the number of turns, however, is much larger. The frequency and amplitude range in which experiments can be done is limited by the properties of the superconducting wire and the cooling conditions. For frequencies below about 2 Hz, the performance is governed by the critical current density of the superconducting wire. With the coil used in our experiments (coil 2), amplitudes of up to 0.5 T can be obtained at low frequencies, ie for niobium samples the external field can be swept from below -Bc2 to above +Be2 within 0.1 s (dBa/dt = 10 T s -1 ). At higher frequencies the dissipation inside the coil and the cooling conditions are decisive for the destruction of superconductivity and the maximum amplitude is much less (340 mT at 10 Hz and 120 mT at 100 Hz). A similar behaviour was also observed in earlier experiments on other superconducting coils. 26
In most cases the behaviour of the superconducting sample does not influence the current through the ac coil significantly even at phase transitions. However when very fast phase transitions, ie flux jumps, occur inside the sample, the current in the coil is seriously affected. The LC circuit consisting of the self inductance L and the parallel capacity C of the coil is energized and large oscillations are observed. This effect is greatly reduced by replacing the ae coil during these experiments by another coil with superconducting filaments in a copper matrix. The eddy currents induced in this matrix considerably decrease the quantity of the LC circuit and as a consequence reduce the oscillations. The measuring coil consists of 200 turns of copper wire with a diameter of 0.025 mm wound close around the middle section of the sample. The compensation coil is wound from 130 turns of the same wire. Both coils are wound in one layer in order to reduce the parallel capacity of the coils as much as possible. For all our samples the cut-off frequency of the pick-up coils is above 2 MHz which means that the observed waveforms are not influenced by the coil system.
Compensation. An essential aspect, common to all inductive techniques, is the necessity of compensation of the induced voltage for the contribution of the empty space surrounding the sample. The compensating signal is obtained from a second pick-up coil, placed inside the ac field coil but at some distance from the sample. The signals induced in both pick-up coils are amplified by means of two chopper amplitiers (see Fig. 9 , numbers 1 and 2) and then subtracted with the help of a third amplifier (number 3). The amplification of amplifier 2 is adjusted in such a way that the output signal balances the response of the unfilled part of the measuring coil. This compensation is usually performed in a small ac field at zero static field; in the s situation no flux penetrates the sample and the induced signal is zero. Compensation is of extreme importance when the behaviour of type II superconductors in the vicinity of the field of first penetration is studied. In these experiments, the response of the sample is very small and even a minor variation of the compensation will change the observed waveform drastically.
In the literature a number of authors 27-29 have presented results in which ac losses are observed at fields well below the field of first penetration. This effect is ascribed to flux penetration in irregularities at the surface. 3°'31 The study of this phenomenon is of great significance for the application of superconductors in, for instance, ac transport cables. 32 In this case, the criterion for correct compensation mentioned above cannot be used anymore and a better criterion has to be found. In most experiments with sinusoidal fields, the criterion d¢/dt = 0 at the top of the ac field is used for
compensation. This implies an extra assumption with respect to the behaviour of the superconductor. The application of trapezoidal ac fields offers an additional criterion: the absence of discontinuities in the compensated signal.
Here also an extra assumption with respect to the behaviour of the sample is involved, but it is much less stringent. In fact, experiments with trapezoidal ac fields on various samples (Nb, Nb3 Sn) show that the assumption d¢/dt = 0 at the peak of the ac field is not justified. This can be seen in Fig. 11 in which even in the time intervals of constant Ba, flux changes are observed. The occurrence of these induced voltages cannot be explained by Melvilles theory. 31
A second important feature of the use of this compensation criterion is that it can be used in the whole field range from zero to Be2, whereas the other criteria are limited to fields well below Bcl. Especially in the vicinity ofBc~, where large surface screening currents are induced inside the sample, these criteria do not guarantee correct compensation due ,,,.,, . . . .
Fig. 11
Induced voltage waveform in the Meissner state of Nb (b 0 = 100 roT). The field of first penetration of Nb is 110 mT to the demagnetization of the sample. In this case, the field change just outside the sample which is picked up by the measuring coil differs from the flux variation further away which is used for compensation. This is confirmed by the experimental result that the signal induced in a compensation coil immediately at the sample surface cannot be balanced by a compensation coil far away. So for correct compensation, one should actually use a compensation coil placed as close to the sample surface as possible. The use of trapezoidal ac fields does, however, allow for an adjustment of the compensation in this region.
Data processing. The compensated signal is then digitalized and stored in a transient recorder (Bryans 514A: 2048 memory locations, 10 bits). The waveform of the applied field is obtained by measuring the voltage across R m = 0.1 ~, a resistance in series with the ac coil. This reference signal is recorded simultaneously in a second transient recorder (Datalab DL 905: 1024 memory locations, 8 bits). By short circuiting the input of this transient recorder during the last 64 sampling pulses (switch 1), the dc level of the applied field is also registered. An optimal use of the resolution of the transient recorders is achieved by two small adjustable amplifiers (see Fig. 9 , numbers 4 and 5). The sampling process is controlled by the trapezium generator: a trigger pulse at one specific corner of the trapezium is generated to start the process. Also the external clock pulses which regulate the sampling process are provided by this generator. In this way, the sampling process is synchronized with the applied waveform: the number of samples during both the constant and the sloping part of the waveform, respectively, can be adjusted independently. The time interval between two sample pulses is chosen in such a way that during the first period, a sample pulse is generated exactly at each corner of the trapezoidal field. The signalnoise ratio is improved by recording 8 periods of the measuring signal which can be averaged afterwards. During each of these periods, the sample pulse is delayed for 1/8 of the interval between two pulses with respect to the previous period: this provides a better time resolution.
After storing the measuring signal and the reference signal in two transient recorders simultaneously, both signals are recorded successively on magnetic tape with a cassette recorder and fed into the central computer for further analysis. From the reference signal, the amplitude of the applied ac field, the dc level and the value of dBa/dt are derived. The 8 periods of the measuring signal are averaged and subsequently normalized on the response of a normal metal subjected to the same ac field. The response of the normal metal is obtained from the same sample in a small ac field superimposed on a static field well above Be2. After normalizing, the signal is integrated with respect to time to give the average induction Bav inside the sample. Also the loss during one cycle is calculated. Computer drawings of the various parts of the induced waveform and Bay vs B a loops can be obtained simply. From these results the critical current density and the flux flow resistivity off can be derived. As a consequence of the synchronization between the applied waveform and the sampling process, the calculations mentioned above are quite simple.
In the case of flux jump experiments this procedure is different since the voltage peak associated with the jump has a duration of a few hundred microseconds which cannot be detected accurately with this method. It is possible, however, to determine the external field at which the jump occurs with great accuracy (better than 0.2% of the amplitude of the applied field, ie better than 0.1 mT). Also the response during the rest of the period can be detected in the usual way. The voltage peak itself is measured very precisely by sampling the signal with a frequency of 2 MHz. A combination of these results now gives a complete description of the response of the superconductors in the form of a Bay vs B a loop.
The trapezium generator
Specification. The trapezoidal current through the ac coil is supplied by a voltage controlled, power amplifier. The voltage necessary for such a waveform through a circuit with a resistance R and a self inductance L in series consists of a trapezoidal component and its derivative added in the ratio according to R and L (see Fig. 9 ). To provide this voltage waveform, a trapezium generator has been designed and built. This generator has to meet the following specifications: one, the ratio between the trapezoidal component and its derivative has to be adjustable; two, the duration of the sloping and the horizontal parts have to be independently variable. For the sloping part a range between 0.5 ms and 100 s is required; three, the transient times at the discontinuities have to be less than 10/as; four, the drift in the output signal have to be neglectable compared with this signal. By controlling the time scale of this signal with an external pulse generator, it is possible to connect the sampling process with the applied waveform. To achieve this the following additional specifications are required: one, the duration of the sloping part and the horizontal part have to be an integer (N2, N3 respectively) times the interval between two sample pulses. N2 and N3 have to be adjustable; two, when an external start pulse is given, the generator must provide a trigger pulse at the beginning of the next rising slope; three, at the beginning of each following period, the sample pulses should be delayed for 1/8 of the interval between two pulses.
In the design described below, these specification have been realized.
Realization.
A block diagram of the circuit is given in Fig. 12 .
The time scale of both the signal and the sampling process is established by means of a digital circuit and controlled by an external pulse generator. Two digital signals are produced which after summation combine to the derivative of a trapezium. The required voltage is now generated by integrating this signal to a trapezium and adding the integrated and non-integrated components. In principle, the frequency of the external clock and the sampling pulses have to be the same. To provide the possibility of an extra delay, a frequency of eight times the desired sample frequency is used. The complete time scale of the signal can be changed simply by varying the frequency of the external clock. The circuit which produces this time scale is shown in Figs 13 and 14 . The numbers on the various components refer to standard notation for TTL digital components. The length of the sloping and the constant part of the trapezium, respectively, are denoted by N2 and N3 and can be chosen by means of thumbwheels. Division by N2 takes place in the circuit of Fig. 13 ; a similar circuit used for division by N3 is not given here. After eight pulses at point A (Fig. 14) , signal C changes, counter N2 stops and counter N3 is started; after eight N3 pulses, the counting is again switched to counter N2. In this way the input frequency is divided by eight and by N2 and N3 alternately, thereby providing the time The signals C and D now can be used as a code for the four different time intervals. From these signals the two components can be derived which, after summation, give the derivative of a trapezium (see Fig. 10 ).
These signals are also used for the circuit of Fig. 15 , which supplies the sample and trigger pulses. The trigger pulse is generated after an external start pulse, which occurs the first time the correct combination of C and D arises. This corresponds to the increasing part of the trapezium. The sample pulse is generated by dividing the input frequency by eight. At the beginning of the increasing part of each period however, one single division by nine or ten takes place. In this way the desired delay is realized. The analogue circuit which provides the required voltage waveform is shown in a small modification of the digital circuit, the derivative of a double trapezium can also be obtained. These signals can be made equally large by means of two entrance amplifiers; also the dc level can be adjusted in this stage. After summation (adder 1) two different paths are followed, one for each component of the output signal.
The most difficult problem is the integration of this block voltage to a trapezoidal waveform. A small dc voltage at the entrance of the integrator will result in drift at the output. In most commercial triangular generators, this difficulty is removed by reversing dU/dt (U is the output voltage) at a fixed U-level. In this way, small variations are intercepted; the result, however, is a variation of the time scale and different slopes during the increasing and decreasing part. For this reason, this method cannot be used here and a very fine dc adjustment is necessary. This has been realized with the help of two ten-turns-potentiometers (offset). The -+ 10 V voltages for the dc adjustment are stabilized with the help of zehner diodes. With this arrangement the dc level can be controlled to within 10 -s V while the input voltage during the sloping parts is of the order of 5 V. This means that the drift during one period is a factor of 10 -s less than the amplitude of the ac field, which is sufficient.
For the integration process itself, a current integrator is used. The input current of this integrator is supplied by a voltage controlled current source with an output current of 2 mA V -~ The trapezoidal voltage generated in this way is added to the block signal. The latter can be amplified by a variable factor; in this way the ratio between the two components can be adjusted. The dc level of the output signal can also be adjusted. The required transient time at the discontinuities of less than 10/as is realized by a careful selection of electronic components. In all parts of the circuit where discontinuities are involved, fast amplifiers (a HA 2625 wide band operational amplifier with a slew rate of 30 V/as -~ and potentiometers with small self inductances are used. In this way specifications are met easily. A photograph of the generated waveform, together with the resulting current waveform and the signal induced in a pick-up coil, is shown in Fig. 17 .
Experimental results and discussion
In this section the possibilities of the experimental technique described in this paper will be discussed with the help of some results obtained with two polycrystaUine slabs of Nb and Nb-50%Ti.
The behaviour of the Nb-slab can be described by means of reversible surface currents, a bulk critical current density /e and flux flow. The sample, a Nb-slab (30 x 5 x 0.3 mm 3) taken from commercial plate, has been heat treated for 10 min in 10 -6 torr just below the melting point. A typical waveform, observed in a small amplitude ac field superimposed on a static field, is shown in Fig. 18 together with the corresponding Bay -Ba curve. The intervals from which the various parameters are determined can be distinguished clearly. A plot of a series atE vs B a curves for this same sample has already been shown in Fig. 4 . Flux distributions and critical current density values have also been :'. determined: the results have been published elsewhere, a '33 In the case of reversible surface currents, the procedure in the section on separation of loss contributions leads to the reversible magnetization curve. More detailed results will follow in a subsequent paper.
The results obtained on the Nb-50%Ti slab (20 x 5 x 0.3 mm 3) are much easier to interpret since flux flow effects can be neglected. Some flux distributions for various values of Ba obtained with the method described previously are given in Fig. 19 ; they have already been published elsewhere. 34 In these prof'des three different regions can be distinguisJaed. Firstly, at low external fields surface screening currents in a very narrow layer near the surface can be 
x/d
Flux distribution in Nb-50%Ti for various values of the external field observed. The thickness of this layer cannot be estimated from the measurements. Secondly, near the surface a small layer with a thickness of about 3/am with a high critical current density O'c ~ 0.8 x l0 s A cm -2 atBa = 150 mT) can be distinguished. Finally, in the bulk of the sample the critical current density is constant. Near the centre plane (not shown in Fig. 19 ),/c seems to increase again. This effect is also observed in the Nb sample and is attributed to an inhomogenous distribution of pinning sites, a The bulk critical current densities have been determined in the field range between 0 and 1.6 T. The results are given in Fig. 20 . Experiments with different amplitude have been used; values from the increasing and decreasing parts, respectively, agree well. An estimate of the error, according to (18) leads to e ~ 15% atBa = 0.1 T and e < 2% forBa > 0.5 T. At low fields (Ba < 70 mT)jc-values cannot be obtained because of the variations of a/JaB. The/c-values agree well with results obtained on the same sample with a dc magnetization technique, as The value of Ben and Bex, obtained according to the method presented in the separation of loss contributiond, have already been shown in Fig. 7 ; in this figure only the curve for a decreasing field has been shown. The distance between these curves at constant average induction Bay as a function of B a, is in agreement with the length of the intervals with induced voltage E = 0 immediately after the start of the external sweep. More results on this Nb50%Ti slab, together with a detailed discussion will be presented elsewhere. 2s'a6
In conclusion, it can be said that the use of trapezoidal ac fields in inductive techniques provides a powerful instrument for the study of type II superconductors. This is mainly a consequence of the fact that the sweep rate during the sloping parts of the waveform of the ac fields is constant; apart from this, the presence of time intervals in which there is no variation of applied field is very important. In fact a careful 
